A concept of radial neutron reflector of APWR brings about safety problems relevant to the flow induced vibration and thermal deformation. The CFD code has been expected to solve them by calculating pressure fluctuations of turbulent flow in downcomer and the flow distribution into the neutron reflector. A series of hydraulic flow test was conducted by NUPEC from 1998 to 2002 to demonstrate the new design of the neutron reflector and to obtain test data for validating the CFD code. These data are especially suitable for validating turbulent models contained in the CFD codes. The flow induced vibration measurements can be utilized for validating the specific turbulent model to be able to calculate a spectrum of pressure fluctuation such as the LES model and the flow distribution measurements for the general turbulent model, for example, the k-ε turbulent model.
Introduction
The APWR, featuring many innovative technologies for safety and economic improvement, is expected to be a future standardized PWR in Japan. One of the most important design improvements is the concept of a radial neutron reflector which replaces the baffle structures in current PWRs. This new reflector is designed to improve the reliability of the reactor structure and the efficient use of uranium resources. On the other hand, this new design brings about safety problems relevant to the flow induced vibration of reactor internals including the neutron reflector and, coolability and thermal deformation of radial reflector blocks. The CFD code has been expected to solve them by calculating pressure fluctuations of turbulent flow in a downcomer and the flow distribution into the neutron reflector through the inlet holes.
A series of hydraulic flow tests was conducted by NUPEC from 1998 to 2002 to demonstrate the new design of the neutron reflector and to obtain test data for validating the CFD code. The test vessel was the 1/5 scaled model of the APWR reactor vessel. The test includes the flow induced vibration measurements and the flow distribution measurements.
The flow induced vibration measurements
A vibration of the core barrel caused by the turbulent flow in the downcomer shakes the radial reflector through the water between them (Figure 1 ). When the radial reflector vibrates, it may make contact with and shake the adjacent fuel bundles and could result in fretting, and possibly rupture, of the fuel pin cladding. Figure 2 shows the test facility. Measuring instruments are shown in Table 1 . The tests were performed with varying flow rate and temperature of water in the following range.
Test facility and conditions
• Flow rate : 60 -120 % of the nominal flow rate (4670 m 3 /h)
• Temperature : 50 -150 ℃ 
Test results
A lot of data for vibration and displacement of structures were obtained in the test, but only pressure fluctuations of water were discussed in this paper in a view of CFD code validation. Detail of measurement of pressure fluctuation is shown in Figure 3 . The correlation length can be estimated from the data of a couple of pressure transducers set as shown in Figure 3 (1) with a couple of the measured pressure fluctuations, and the other smooth one is the curve fit to the jagged line obtained by the following process. The cross spectrum consists of two different types of correlation. One is a correlation between two adjacent pressure transducers set axially, namely along flow direction and the other between transducers set circumferentially.
The axial cross spectrum oscillates and is damped as frequency increases because of phase difference corresponding to time delay between signals of two sensors set along flow. On the other hand, the circumferential cross spectrum is damped monotonically because of no clear circumferential flow. Therefore, the evaluation method for correlation length should be distinguished between axial and circumferential directions. [1, 2] . The downcomer was modelled using about 550,000 structured cells with the BFC technique shown in Figure 10 . A 3D transient turbulent flow in the downcomer was calculated by the PLASHY code [4] [5] using the LES turbulent model and a second-order upwind method (QUICK). The fine zigzag line in Figure 11 shows calculated axial cross spectrum at upper, middle and lower position in the downcomer and the bold line shows the most fitted curve to the fine zigzag line among curves expressed by Eq.(2) and agrees well with the curve in the first row of figures in Figure 6 . The calculated spectrum at upper part of downcomer can be fitted by Eq. (2) up to 400Hz but the calculated spectrum downstream tends to be away from Eq. (2) in high frequency (above about 200 Hz). This calculation error is because the smallest eddy size captured by the LES model is limited by the minimum grid width. 
The flow distribution measurements

Test facility and conditions
Measuring instruments are shown in Table 2 . The tests were performed with varying flow rate and temperature of water in the same range as the flow induced vibration measurements 
Test results
Flow rate at inlet holes of the lower core plate, pressure on lower core plate and pressure on inner surface of vessel bottom in Table 2 can be used to validate the CFD code. A detailed view of measurement locations for these data is shown in Figure 12 . Figure. 14. Pressure of the y-axis means a deviation from the averaged pressure. Pressure deviation has a dependency of the square of total coolant flow rate and little dependency on coolant temperature. Figure 15 shows the measured pressure on the surface of the vessel bottom that also means a deviation from the averaged pressure. The pressure is high around outer region where velocity along a surface is large and low in a center where velocity turns upward. Relatively low pressure can be seen in directions of 90° and 270° corresponding to a confluence of two inlet flows. CFD calculation [3] The UFLOW code [6] calculated a 3D steady turbulent flow in the whole test vessel modelled using about 700,000 unstructured cells. The calculation was performed with the k-ε turbulent model and a first-order upwind method. Figures 16 and 17 show good agreement between test data and calculated results. 
Conclusions
A large part of data of the hydraulic flow test conducted by NUPEC from 1998 to 2002 can be utilized for CFD validation, specifically in the area of Nuclear Reactor Safety (NRS). These data are especially suitable for validating empirical models contained in the CFD codes for simulating turbulence and separate into the two groups. One is the flow induced vibration measurements utilized for validating the specific turbulent model to be able to calculate a spectrum of pressure fluctuation such as the LES model and the other is the flow distribution measurements for the general turbulent model, for example, the k-ε turbulent model. Boundary shapes of the former flow field are relatively simple, but the latter involve the specific shapes of plates in the lower plenum and inlet holes of the radial neutron reflector peculiar to the Japanese APWR design. Therefore, it is important for using the data of the flow distribution measurements to validate the CFD code that these boundary shapes should be exactly reflected in the calculation grid of the CFD code. Pressure (kPa) 1 . 6 ) measured data noize reduced data 1 . 6 measured data noize reduced data 1 . 6 measured data noize reduced data middle 0° upper 90° lower 90° Figure Remedying process to obtain the power spectrum of turbulence Figure A4 shows the normalized power spectrums of the pressure fluctuation measured at the representative locations in the downcomer. It is well-known by the Kolmogorv theory that a turbulent energy in an inertia region decrease by the -5/3 power of a frequency. Since a power spectrum of pressure fluctuation is proportional to turbulent energy, a line of the -5/3 power of a frequency is able to be included in Figure A4 . The normalized power of fluctuation near the inlet nozzle of upper 45°, 90° and 135° decreases according to the law of the -5/3 power beyond 1 non-dimensional frequency (24Hz). The other spectrums, by contrast, are swollen with some peaks in the range from 1 to 5 (120Hz) of non-dimensional frequency and decreases according to the law of the -5/3 power beyond 5. This swelling that is caused by the proper vibration of piping system of the test facility is subtracted from the measured spectrums as shown in Figure A5 . Figure A5 also include the spectrum obtained by the noise reduction process mentioned previously. It can be seen from the figure that the noise reduction process succeeds in subtracting an effect by the proper vibration of the facility, but results in underestimating pressure level. 
